Synopsis Circulating glucocorticoid hormone concentrations are dynamic, flexible, and promote adaptive responses following perturbations in an animal's environment. As a result, circulating glucocorticoid levels are thought to shape fitness and have been suggested to be a key trait for predicting how species will cope with novel environmental change. Nevertheless, the factors that shape variation in glucocorticoid-mediated coping mechanisms remain unclear because the evolutionary underpinnings of the function and regulation of these hormones are poorly understood. Here, I summarize recent advances in our understanding of the evolution of circulating glucocorticoids, which have included (i) longitudinal studies exploring microevolutionary processes that shape within-and between-individual variation in glucocorticoids, (ii) interspecific comparative studies highlighting macro-evolutionary patterns of among-species variation in glucocorticoids, and (iii) intraspecific comparative studies which help to disentangle the relative roles of environment, life-history, and behavior in shaping among-population variation in glucocorticoids. Important avenues for future research will include exploring how natural selection may act on different components of the hypothalamuspituitary-adrenal axis, characterizing patterns of phenotypic plasticity in circulating glucocorticoids across populations and species, as well as exploring how microevolutionary processes differ across taxa or gradients of environmental conditions.
Introduction
Glucocorticoid hormones circulate at dynamic and flexible concentrations (Taff and Vitousek 2016) , promoting adaptive physiological, behavioral, or morphological responses following perturbations in an animal's environment (Wingfield and Kitaysky 2002) . These hormones are thought to facilitate responses to both predictable and unpredictable changes in the environment (Romero et al. 2009 ), because glucocorticoids serve two distinct yet crucial functions as a result of having different affinities for two receptor types (Landys et al. 2006) . Baseline glucocorticoid levels circulating at relatively lower concentrations regulate daily metabolic demand and homeostasis by binding to high-affinity mineralocorticoid receptors (Landys et al. 2006) , while stress-induced glucocorticoid levels circulate at elevated concentrations and bind to low-affinity glucocorticoid receptors to coordinate responses to sudden intrinsic or extrinsic stressors by initiating an emergency life-history stage (Wingfield and Kitaysky 2002; McEwen and Wingfield 2003) . Both baseline and stress-induced glucocorticoid concentrations can vary within an individual across various contexts (Romero et al. 2009 ): typically, an elevation within the range of baseline hormone levels represents an energetically demanding period (often resulting in increased foraging and the acquisition/deposition of fat reserves, though not always) (Dallman et al. 1993; Hennin et al. 2016) , whereas an elevation to stress-induced titres results in the rapid mobilization of lipid resources to promote survival in the face of a sudden stressor (e.g., storm, social challenge, predator encounter) (Sapolsky et al. 2000; Charmandari et al. 2005) . As a result of these critical roles, glucocorticoid hormones have the potential to influence both reproduction and survival and have been suggested to be important mediators of fitness (Bonier et al. 2009a (Bonier et al. , 2009b .
In light of their ability to coordinate rapid phenotypic change across a variety of contexts (Wingfield and Kitaysky 2002; Taff and Vitousek 2016) , glucocorticoids are thought to mediate phenotypic responses to both predictable and unpredictable changes in an animal's environment (Angelier and Wingfield 2013; Wingfield 2013) . Despite evidence that glucocorticoid-mediated coping mechanisms have important consequences for how organisms respond in the face of novel environmental conditions (Lendvai et al. 2011; Crino et al. 2014) , it remains unclear how variation in these coping mechanisms arises because we lack a clear understanding of the factors that shape within-and between-individual variation in circulating glucocorticoid concentrations across taxa (Angelier and Wingfield 2013) . Key to understanding how variation in glucocorticoid-mediated coping mechanisms arise is understating the evolutionary underpinnings of these traits (i.e., whether glucocorticoid coping mechanisms are fixed or flexible; Taff and Vitousek 2016) . Evolutionary endocrinology is a growing field that aims to describe how the secretion, regulation, or function of hormones like glucocorticoids have evolved (Zera et al. 2007; Cox et al. 2016a) . Evolutionary endocrinology studies focused on circulating glucocorticoids and their function or regulation have relied on several approaches across a variety of temporal and spatial scales to understand variation in these hormones, ranging from longitudinal studies of individually-marked organisms to comparative studies across vertebrate taxa (Fig. 1) . While recent reviews have discussed the evolution of circulating glucocorticoid concentrations (e.g., Cox et al. 2016b; Hau et al. 2016) , I provide an original overview of how a diversity of research approaches across scales of study have improved our understanding of the evolutionary endocrinology of these hormones. Similarly, this review provides novel insight into how integrating across scales of studyincluding studying variation in glucocorticoids across temporal and spatial scales simultaneouslywill be crucial to fill existing knowledge gaps.
Longitudinal studies
Longitudinal studies-monitoring individuals over their lifespan and across multiple generations (e.g., Gesquiere et al. 2011 )-represent the most commonly used approach in evolutionary endocrinology studies of glucocorticoids and examine variation in circulating glucocorticoid concentrations through time (Fig. 1) . These have advanced our understanding of how natural selection shapes the function of glucocorticoids in a number of ways, including through (i) measuring the heritability of circulating Fig. 1 Variation in circulating glucocorticoids can be studied within or across individuals, populations, or species. Longitudinal studies typically focus on the causes and consequences of individual variation in glucocorticoid concentrations through time, whereas comparative studies focus on variation in glucocorticoid concentrations across space. In order to bridge these scales of studies, researchers can examine (i) how microevolutionary patterns identified in longitudinal studies differ across space (i.e., populations, species, or environments) as well as (ii) how populations or species differ in phenotypic plasticity in glucocorticoid concentrations (i.e., through time).
Evolutionary endocrinology of glucocorticoids 815 levels of glucocorticoids, (ii) understanding the relationship between circulating glucocorticoids and fitness across a variety of contexts, and (iii) estimating the strength of natural selection on circulating concentrations of glucocorticoids and their downstream effects in free-living animals. Below, I summarize key advances in evolutionary endocrinology that stem from longitudinal research.
Heritability in circulating glucocorticoids
Understanding the heritability of a trait, particularly a phenotypically plastic one such as circulating concentrations of glucocorticoid hormones, represents an important advance in predicting whether hormones may respond to natural selection (Cox et al. 2016b) . Narrow sense heritability represents the proportion of variance in a phenotype that is attributable to additive genetic effects and can be estimated in free-living populations in a number of ways, including (i) using correlational phenotypic data paired with a population pedigree to estimate the proportion of phenotypic variation that is explained by additive genetic variance (Bairos-Novak et al. 2018) , (ii) using a cross-fostering manipulation to disentangle the effects of rearing environment from genetic effects on the offspring's phenotype (Jenkins et al. 2014) , or (iii) as calculated based on the ratio of the response to selection in a phenotypic trait relative to the strength of selection in natural or experimental contexts (i.e., from the breeder's equation) (Cox et al. 2016b) . Heritability estimates fall between 0 and 1, where a heritability of 0 indicates a lack of any additive genetic contribution to variance in a trait, whereas a score of 1 indicates that 100% of the variance in a trait is shaped by additive genetic effects. Although selection experiments in lab-reared populations have shown that glucocorticoids are heritable in birds, fish, and mammals (Pottinger and Carrick 1999; Bartels et al. 2003; Evans et al. 2006) , few studies have estimated heritability in free-living vertebrates, likely since doing so in the field requires hormone data paired with longterm multi-generation pedigrees. Nevertheless, two recent studies in swallows showed that the heritability of baseline glucocorticoids was low though significant (0.13-0.15), and the heritability of stressinduced glucocorticoids heritability was higher than baseline (0.34-0.38). Similarly, stress-induced glucocorticoids in Richardson's ground squirrels (Urocitellus richardsonii) were estimated to be heritable (0.40-0.75; from mother-offspring or siblingsibling phenotypic correlations). Additional work in barn owls (Tyto alba) has found indirect support for a heritable component in shaping glucocorticoids, though heritability was not estimated directly (Almasi et al. 2010) . The heritability estimates of glucocorticoid stress-responses reported from these free-living populations are similar to those calculated from captive animals, including zebra finches (Taeniopygia guttata, h 2 ¼ 0.20) (Evans et al. 2006) , Japanese quails (Coturnix japonica, h 2 ¼ 0.20-0.30) (Satterlee et al. 1988) , rainbow trout (Oncorhynchus mykiss, h 2 ¼ 0.41) (Pottinger and Carrick 1999) , and commercial large white turkeys (Meleagris gallopavo, h 2 ¼ 0.13-0.24) (Brown and Nestor 1973) . Nevertheless, since heritability is specific to the population in which it was measured, it remains challenging to generalize findings from captive to free-living animals (or across different populations)-more research calculating these estimates across species and populations is necessary in order to draw conclusions on the heritability of circulating glucocorticoids in free-livings vertebrates. Estimating heritability in captive populations remains valuable for a number of reasons (e.g., genetic, maternal, and environmental effects can be better controlled and their relative importance better isolated compared with free-living animals) (Pelletier et al. 2009 ), though doing so may be of limited use in understanding the heritability of glucocorticoids in freeliving animals.
Currently, estimating the heritability of circulating glucocorticoid concentrations in free-living populations is likely limited by the availability of longitudinal hormone datasets for pedigreed populations. As an alternative, researchers often report the repeatability of these hormones rather than heritability estimates-repeatability represents an index of consistent among-individual differences in hormones across contexts and is often presented as the upper bound of heritability (Lessells and Boag 1987; Wolak et al. 2012 ) though this is not always accurate (Dohm 2002) . Similarly to heritability, repeatability typically produces a score ranging from 0 to 1 where larger values indicate higher within-individual consistency relative to among-individual variation in a trait. Two recent meta-analyses have found that circulating glucocorticoid levels are repeatable in vertebrates (baseline glucocorticoid repeatability ¼ 0.23-0.29; stress-induced glucocorticoid repeatability ¼ 0.38-0.39) (Schoenemann and Bonier 2018; Taff et al. 2018 ), but cautioned that there was a great deal of heterogeneity in repeatability estimates across studies, taxa, type of hormone assay used, and sampling interval (Schoenemann and Bonier 2018; Taff et al. 2018) . Similarly, there may exist variability in the heritability of these hormones (or the underlying 816 S. Guindre-Parker tissues or biomolecules that generate it) across populations, taxa, or environments which to date remains unexplored-by estimating the heritability of circulating glucocorticoid titres in a wider variety of taxa and environments, we can begin to unravel some of these patterns more clearly.
Heritability estimates alone are of limited use to furthering our understanding of the factors that shape variance in glucocorticoid phenotypes. In addition to calculating the proportion of variance in glucocorticoids that is attributable to heritable additive genetic effects, it will be informative for future studies to partition remaining phenotypic variance in these hormones among a wider variety of factors, including potential cohort effects, permanent environmental effects, maternal or paternal effects, or transgenerational effects (see Taylor et al. [2012] as an example). By leveraging tools from quantitative genetics-such as the animal model-evolutionary endocrinologists will better understand how variance in glucocorticoid phenotypes arise in free-living vertebrates (Cox et al. 2016b ). To date, few studies have attempted to partition phenotypic variance in circulating glucocorticoids (but see Stedman et al. 2017 ).
Fitness and circulating glucocorticoids
The fitness consequences of variation in circulating concentrations of glucocorticoids represent one of the most studied topics on the evolutionary endocrinology of these hormones (Zera et al. 2007; Bonier et al. 2009a )-while a number of studies have quantified such glucocorticoid-fitness relationships across intrinsic and extrinsic contexts using longitudinal datasets (Madliger and Love 2016a; Henderson et al. 2017) , it remains common for researchers to measure this relationship within a single context (i.e., in a single type of environmental condition, year, age group, sex, population). Glucocorticoids have also been proposed to mediate the trade-off between reproduction and survival, though evidence supporting the role of these hormones in mediating allocation to current versus future fitness has been equivocal (Love and Williams 2008a; Crossin et al. 2013; Mark and Rubenstein 2013; Ouyang et al. 2016) . Similarly, the nature of the relationship between fitness and either baseline or stress-induced glucocorticoids remains unclear (Bonier et al. 2009a; Love et al. 2014; Madliger and Love 2016a) . This topic has been discussed thoroughly elsewhere (see references below), so I only provide a brief overview on the relationship between circulating glucocorticoid concentrations and fitness and instead focus on the implications of these findings for understanding how glucocorticoid-mediated coping mechanisms may evolve.
Three non-mutually exclusive hypotheses describe potential relationships between baseline glucocorticoid levels and fitness: (i) the CORT-fitness hypothesis states that elevated baseline glucocorticoids are symptomatic of lower condition and are thus associated with lowered fitness (Bonier et al. 2009b) , (ii) the CORT-adaptation hypothesis states that elevated baseline glucocorticoids may prepare individuals for the energetic demands of breeding and will be positively correlated to fitness (Bonier et al. 2009a) , and (iii) the CORT-trade-off hypothesis states that elevated baseline glucocorticoids may improve reproductive success but decrease survival (Almasi et al. 2013) . While these hypotheses were formulated with baseline glucocorticoids in mind, stress-induced glucocorticoid levels may also covary with fitness. Fewer studies have examined the fitness consequences of variation in stress-induced glucocorticoid concentrations, though elevated stress-induced hormone levels have been shown to decrease fitness (Blas et al. 2007; Breuner et al. 2008 ). Future work is needed to understand how stress-induced glucocorticoids are related to fitness across a diversity of taxa and contexts (Breuner et al. 2008) .
The relationship between glucocorticoid hormone concentrations and fitness changes across a variety of contexts: for example, the direction/magnitude of the correlation between baseline glucocorticoids and fitness can vary with sex (Angelier et al. 2010) , year (Henderson et al. 2017; Vitousek et al. 2018b ), season (Ouyang et al. 2013) , across populations (Jaatinen et al. 2013) , first and second breeding attempts (Love et al. 2014) , or habitat quality (Madliger and Love 2016a) . Since environmental conditions also fluctuate through time and may confound the relationship between glucocorticoids and fitness, field-based experiments can help researchers disentangle these correlated effects (Dantzer et al. 2016) .
Natural selection on circulating glucocorticoids
Circulating concentrations of glucocorticoids should respond to natural selection, as they vary among individuals, a component of this phenotypic variation is heritable, and glucocorticoids contribute to shaping variation in fitness. However, few studies have estimated the strength or direction of natural selection on circulating concentrations of these hormones in free-living vertebrates. Patterson et al. (2014) showed that survival selection favored elevated baseline and stress-induced glucocorticoid Evolutionary endocrinology of glucocorticoids 817 titres, whereas fecundity selection favored elevated baseline but lowered stress-induced glucocorticoids in white-crowned sparrows (Zonotrichia leucophrys oriantha). Similarly, eastern fence lizards (Sceloporus undulatus) experienced positive selection on baseline glucocorticoids (John-Alder et al. 2009 ). It is important to study selection across a variety of contexts, however, since the direction of selection on baseline glucocorticoids fluctuated across seasons in great tits (Parus major) (Ouyang et al. 2013 ). While it is possible to estimate selection differentials on circulating glucocorticoids using a number of other published datasets (see Supplementary Materials of Cox et al. 2016b) , few studies routinely report estimates of selection, likely because (i) the high degree of plasticity in glucocorticoids makes it challenging to estimate these hormones at the time when selection may act most strongly on the trait, and (ii) the phenotypic correlation between glucocorticoids and fitness may actually be confounded by environmental effects that independently shape both traits (Cox et al. 2016b) . It is nevertheless possible to overcome these limitations (i.e., incorporate experiments or estimating plasticity) (Cox et al. 2016b; Dantzer et al. 2016) , and studies estimating selection on circulating glucocorticoid concentrations will be necessary in order to translate what we know about the heritability and fitness consequences of these hormones into understanding evolutionary responses in free-living populations.
Glucocorticoids play an important role in coordinating changes in behavior, morphology, physiology, and life-history, and these pleiotropic effects have a number of evolutionary consequences. Firstly, glucocorticoids have the potential to influence the evolution of other traits (Dantzer and Swanson 2017) such that estimating the effects of natural selection on circulating glucocorticoid concentrations could be relevant to understanding the correlated evolution of behavior, morphology, physiology, and life-history (if a genetic correlation underlies the phenotypic association between these traits; Dantzer and Swanson 2017). The reverse is also true, and selection on behavior (or other correlated traits) can lead to evolutionary responses in circulating glucocorticoid titres (Garland et al. 2016) . Secondly, glucocorticoids have a plethora of downstream effects and it is on these hormone-mediated effects rather than circulating hormone levels per se that natural selection will act. Indirect selection on circulating glucocorticoids may be weak overall if direct selection on hormonemediated traits varies widely across contexts, or selection acts in opposing directions on several hormone-mediated traits at any given time. As a result of these pleiotropic effects, it has been challenging to understand how natural selection acts on glucocorticoids.
Comparative studies
Comparative studies primarily aim to explain spatial patterns of variation in circulating glucocorticoid concentrations across populations or species (Fig. 1) , and have become increasingly feasible as published articles reporting glucocorticoids titres across diverse taxa and regions of the world have become readily available. While circulating glucocorticoid concentrations seem to vary widely withinand across-individuals (Madliger and Love 2016b) , the chemical structure of glucocorticoids and the hypothalamic-pituitary-adrenal-axis (HPA-axis) responsible for secreting these hormones are actually highly conserved across vertebrates (Denver 2009 ). Nevertheless, large-scale comparative approaches are increasingly used to understand the relative roles of latitude, evolutionary history, life-history, and/or environmental factors in shaping patterns of glucocorticoid variation across populations or species. With the recent publication of HormoneBase (Vitousek et al. 2018a ), phylogenetically-controlled comparative studies are increasingly possible. Below, I outline advances in our understanding of the evolution of circulating concentrations of glucocorticoids that stemmed from interspecific or intraspecific comparative analyses.
Interspecific comparative studies
Interspecific comparative studies aimed at explaining variation in circulating glucocorticoid levels across species have limited their scope by focusing on select taxa where glucocorticoid data were more readily available (i.e., amphibians, birds, or reptiles) (Eikenaar et al. 2012; Jessop et al. 2013 Jessop et al. , 2016 . Nevertheless, these studies have highlighted largescale patterns of variation in glucocorticoids across species and highlighted some of the environmental, behavioral, or life-history characteristics which covary with glucocorticoids on a macro-evolutionary scale. In reptiles and amphibians, baseline glucocorticoid levels were positively correlated to latitude (Eikenaar et al. 2012) , suggesting short and intense breeding seasons at Northern latitudes may result in elevated energetic demand. In a similar study, stressinduced glucocorticoids were positively correlated to latitude in birds, though not in reptiles (Jessop et al. 2013) . Instead, reptilian stress-induced glucocorticoid concentrations were positively correlated to net primary productivity and negatively correlated 818 S. Guindre-Parker to body mass (Jessop et al. 2013) . In a comparison of temperate versus tropical avian species, circulating glucocorticoid titres covaried with a number of life-history traits; namely, baseline glucocorticoids were negatively correlated to length of breeding season, stress-induced glucocorticoids were positively correlated to annual survival, and both baseline and stressinduced titres were negatively correlated to body mass (Hau et al. 2010) . Avian glucocorticoid titres also covaried with environmental characteristics, where stress-induced hormone levels were negatively correlated to net primary productivity (Jessop et al. 2013) . Finally, baseline glucocorticoids in birds and reptiles were found to be negatively correlated to temperature, while stress-induced glucocorticoids were positively correlated to temperature only in birds (Jessop et al. 2016 ). These patterns of latitudinal variation in circulating glucocorticoid concentrations across species of at least certain taxa suggest that a global gradient of conditions that covary (i.e., environmental conditions, behavioral differences, and life-history traits) contribute to shaping glucocorticoid variation across vertebrates. The relative importance of environmental, behavioral, or life-history traits in shaping this endocrine variation is currently difficult to disentangle.
An alternative approach to understanding the evolution of glucocorticoid phenotypes at a macroevolutionary scale is to apply genetic tools to investigate potential selection or interspecific variation in genes related to the expression and function of glucocorticoids or the HPA-axis. Within the African starling clade, for example, substitutions rates within the sequence of the glucocorticoid receptor gene (Nr3c1) were negatively correlated to environmental variability (Hofmeister and Rubenstein 2016) -this finding provides evidence that variable environmental conditions can constrain substitutions within this genetic sequence, likely because of the importance of glucocorticoids and their receptors for coping with variable habitats. Future comparative work on glucocorticoid-related genes will improve our understanding of the level(s) at which selection may act within the HPA-axis. Incorporating transcriptomic or genomic tools and sampling key target tissues (e.g., brains, livers, and muscles) may be more feasible in a comparative context relative to a longitudinal one, where invasive sampling is not always possible (i.e., individual fitness estimates are valued).
Intraspecific comparative studies
An alternative comparative approach has been to explore variation in hormone phenotype and function across populations of the same species that differ along an environmental or behavioral gradient (e.g., differences in breeding behavior, migratory behavior, phenology, life-history, and environmental conditions).
Intraspecific comparisons allow researchers to tease apart the relative contributions of different environmental characteristics in shaping variance in circulating glucocorticoid concentrations. While it can be more challenging to interpret results of these studies in an evolutionary context, they provide a greater degree of control in disentangling the relative effects of environmental, behavioral, or lifehistory traits on endocrine variation relative to interspecific studies (where these factors all covary with latitude).
The urban-rural gradient has been among the most studied environmental gradients in the context of understanding variation in glucocorticoid phenotypes in free-living birds (Zhang et al. 2011; Villanueva et al. 2012) , reptiles (French et al. 2008) , and mammals (Dowle et al. 2013) . While urbanization certainly impacts animals, our understanding of the way in which urbanization shapes variation in baseline or stress-induced glucocorticoid concentrations remains equivocal. Across five species of passerines, stress-induced glucocorticoid levels were elevated in urban-dwelling individuals relative to rural ones, while baseline titres and corticosteroidbinding globulins did not differ across populations (Fokidis et al. 2009 ). Comprehensive reviews of avian studies across a larger number of species did not find a consistent pattern for the relationship between the degree of urbanization and circulating glucocorticoids (Bonier 2012; Sepp et al. 2018 ). Fokidis and Deviche (2011) examined variation in HPA-axis activity using standardized hormone injections in rural and urban curve-billed thrashers (Toxostoma curvirostre). While baseline glucocorticoids, stressinduced glucocorticoids, or the strength of the negative feedback of the HPA-axis did not differ for birds from urban and rural populations, urban birds had greater pituitary and adrenal sensitivity which suggests that urban-dwelling individuals have a greater capacity to secrete glucocorticoids when facing stressors (Fokidis and Deviche 2011) . Alternative types of environmental gradients have also been used to understand variation in circulating glucocorticoid concentrations, including studying populations across elevation or variation in life-history traits (e.g., number of broods raised per season). Baseline glucocorticoid concentrations were elevated in highland relative to low-land Australian great barred frogs (Mixophyes fasciolatus), potentially due to elevated metabolic demands associated with life at higher elevations (Graham et al. 2013 ). StressEvolutionary endocrinology of glucocorticoids induced glucocorticoid titres were elevated in unpredictable savanna habitats relative to predictable forests in the common bulbul (Pycnonotus barbatus) (Martin and Rubenstein 2008) . A detailed study by Breuner et al. (2003) compared circulating glucocorticoids, corticosteroid-binding globulins, and glucocorticoid receptor densities across three populations of white-crowned sparrows (Z. leucophrys) that differed primarily in their investment in breeding (i.e., length of breeding season, number of broods attempted, etc.). While circulating baseline and stress-induced glucocorticoids were comparable across all three populations examined, sparrows with the longest breeding season had lowered corticosteroid-binding globulins and elevated glucocorticoid receptor densities in the liver and brain (Breuner et al. 2003) . This finding suggests that individuals experiencing prolonged breeding seasons would be most physiologically responsive to perturbations in their environments whereas animals experiencing short/condensed breeding seasons would be less sensitive to potential environmental changes. Together, these studies highlight a variety of ways in which environmental conditions or lifehistory traits are related to circulating glucocorticoid concentrations, yet it remains challenging to interpret what these environment-phenotype correlations mean in an evolutionary context without further information about whether endocrine differences across populations are fixed or flexible.
The majority of research performed at an intraspecific scale has focused on examining differences in circulating glucocorticoid levels between two or three populations, and on study systems which differed in a few key environment, behavior, or life-history characteristics (e.g., habitat type; Martin and Rubenstein 2008) . This likely represents a methodological limitation, as it can be difficult to collect data in a large number of populations simultaneously. It will be beneficial to expand the scope of future research in two primary ways: firstly, examining variation in circulating glucocorticoid concentrations across a larger gradient of environmental conditions (or behaviors, or life-histories) will be necessary. Populations and environments do not vary in binary ways in nature, so understanding the complex and potentially non-linear relationship between an animal's environment and their glucocorticoid phenotype will be important. Secondly, replicating these intraspecific studies across several taxa will be necessary in order to determine how generalizable findings from these studies may be and to place these findings within an evolutionary context. For example, the HormoneBase dataset includes population-level records of circulating glucocorticoid measurements and over 70 species include records for two or more populations (Vitousek et al. 2018a )-it would be possible to explore the ways in which these populations differed from one another environmentally or behaviorally, and examine how circulating glucocorticoid concentrations vary across populations according to these factors in a meta-analytical context.
Integrating across levels of analysis
In this review, I have outline the scales at which studies have advanced our understanding of the evolutionary endocrinology of circulating glucocorticoid titres in free-living vertebrates. Longitudinal studies can elucidate the microevolutionary processes that lead to within-and between-individual variation in circulating glucocorticoid concentrations temporally, whether this variation is heritable, how glucocorticoids shape fitness, and ultimately how natural selection acts on circulating glucocorticoid concentrations. On the other hand, intra-and interspecific comparative studies have demonstrated how differences in environmental conditions, behavior, life-history, or evolutionary history have shaped macro-evolutionary and spatial patterns of circulating glucocorticoid variation across populations and species.
Currently, our understanding of how natural selection in a population scales up to shape patterns of variation in circulating glucocorticoid levels across taxa remains limited, so a critical area of future research will be to bridge the gap between micro-and macro-evolutionary patterns of variation in these hormones (Carroll et al. 2007) . Determining how microevolutionary processes vary across environments, taxa, or life-histories will provide us with an understanding of the degree to which patterns from longitudinal studies generalize to comparative contexts and vice versa (Fig. 1) . From a practical perspective, this will improve our ability to predict how species facing future environmental changes (e.g., urbanization and global climate change) may come to cope with these challenges (Carroll et al. 2007 ). For example, understanding the degree to which glucocorticoid phenotypes are flexible and related to fitness across populations, species, or environmental contexts would allow researchers to make concrete predictions about whether specific populations would persist under altered conditions. Below, I conclude by outlining some suggestions for future research directions that would improve our understanding of how variation in circulating 820 S. Guindre-Parker glucocorticoid concentrations arises among individuals, populations, and species.
Future directions
Firstly, rather than acting directly on circulating glucocorticoids levels, selection is likely to act on the downstream effects of glucocorticoids or along multiple points of the complex HPA-axis (Hau et al. 2016) which is responsible for regulating the secretion of glucocorticoid hormones. While glucocorticoids in free-living vertebrates are predominantly studied from the perspective of circulating hormone titres sampled from the blood-or excreted in feces, urine, saliva, or hair/feathers (Sheriff et al. 2011 )-these measurements only capture one component of how the HPA-axis shapes an organism's response to its environment. Circulating glucocorticoids certainly act as a crucial chemical messenger, though they only lead to physiological, morphological, or behavioral change upon binding to receptors in different tissues which subsequently initiates the expression of relevant genes (Sapolsky et al. 2000) . The binding activity of glucocorticoids and its consequences on organismal physiology depends on a variety of factors on which selection may act, including the availability of proteins that bind glucocorticoids and may or may not render them biologically inactive as they circulate within the body prior to reaching target tissues (corticosteroid-binding globulin) (Malisch and Breuner 2010; Breuner et al. 2013; Schoech et al. 2013) , or the densities of glucocorticoid or mineralocorticoid receptors within relevant tissues (i.e., brain, liver, and muscle) (Landys et al. 2006) . The HPA-axis is also self-regulating (stress-induced concentrations of glucocorticoids exert a negative feedback on the HPA-axis to terminate the stress response) and individuals can differ in their capacity to secrete glucocorticoids; it is possible to measure the responsiveness of the HPA-axis and the efficiency of this negative feedback mechanism via hormone challenges (i.e., adrenocorticotropic hormone or dexamethasone injections; reviewed in Taff and Vitousek 2016) . Performing standardized hormone injection challenges within and across individuals, populations, or species will provide a more detailed characterization of variation in glucocorticoid phenotypes beyond circulating concentrations alone. Alternatively, selection on the HPA-axis could be studied from the perspective of the genetic underpinnings of these traits: researchers are beginning to examine variation in the genetic sequence of receptor genes (Hofmeister and Rubenstein 2016) or DNAmethylation of receptor gene promoter regions ) in free-living animals. While characterizing the HPA-axis thoroughly in free-living animals can be challenging because it can require collecting tissues (i.e., collecting livers, muscles, or brains is lethal), doing so in a subset of individuals in longitudinal or comparative contexts may provide important insights into how selection acts along the entire HPA-axis rather than on a single component of this regulatory network. By focusing exclusively on circulating glucocorticoids, evolutionary endocrinologists will likely only have an incomplete understanding of how natural selection acts on these hormones in free-living vertebrates.
Circulating glucocorticoid concentrations represent a phenotypically plastic trait, where one genotype (or individual) can give rise to multiple phenotypes (or glucocorticoids titres) across different external or internal contexts (Lendvai et al. 2014 ). In the case of circulating glucocorticoids, characterizing this plasticity is particularly complex since there are different types of within-individual plasticity which can occur: (i) plasticity in the stress-response (measured as the change from baseline to stress-induced titres) (as in Love and Williams 2008b) , or (ii) plasticity within baseline or within stress-induced titres, where either baseline or stress-induced glucocorticoid levels can change across environmental or social contexts (Canoine et al. 2002; Lendvai et al. 2014) . These different types of phenotypic plasticity may not only mask our ability to estimate selection on endocrine traits, but it is also possible that adaptive endocrine plasticity itself may be the target of selection (Hau et al. 2016) . Researchers have previously highlighted the importance of understanding endocrine flexibility and plasticity (Cox et al. 2016b; Taff and Vitousek 2016 ), but future research should take care to differentiate between the different types of phenotypic plasticity that occur with respect to circulating glucocorticoids. Future research could address a number of fundamental questions including: (i) is plasticity in circulating glucocorticoid concentrations heritable or correlated to fitness, (ii) does plasticity in circulating glucocorticoids respond to natural selection, and (iii) does plasticity in circulating glucocorticoids differ across populations or species? In a longitudinal context, addressing these questions would require hormone measurements from the same individuals sampled repeatedly through time/environmental contexts, and across generations (Taff and Vitousek 2016) . Reaction norms can be employed, where within-individual responses in a flexible trait (i.e., changes in glucocorticoids) are monitored across a Evolutionary endocrinology of glucocorticoids 821 gradient of environmental conditions (Alonzo 2015; Hau et al. 2016) . In a comparative context, it has typically been more challenging to study plasticity because hormone titres from individuals across populations or species are not typically sampled repeatedly which gives rise to two issues. Firstly, this represents a methodological concern since a flexible and often plastic trait is assessed from a single measurement at a single time point (Cox et al. 2016b; Hau et al. 2016) . Secondly, this limitation makes it difficult to determine whether variation in circulating glucocorticoid concentrations or HPA-axis functioning represent fixed or flexible differences between populations and/or species. Yet, understanding whether circulating concentrations of glucocorticoids are similarly phenotypically plastic across individuals in different populations or of different species remains important for predicting how animals may cope with future environmental challenges (Angelier and Wingfield 2013) . One alternative to studying multiple populations or species longitudinally to gain insight into the degree of plasticity of circulating glucocorticoid hormones across populations or species is to use common garden (or transplant) experiments. By rearing animals from different populations in a common captive environment, researchers can assess whether differences in circulating glucocorticoid or HPA-axis phenotypes persist in the absence of environmental differences. Common garden experiments have shown that differences in circulating glucocorticoids from individuals born in differing environments in the wild persisted under a common conditions (Partecke et al. 2006; Angelier et al. 2011) . To my knowledge, common garden experiments have never been used to compare whether interspecific differences in glucocorticoids persist under common environmental conditions. Nevertheless, this approach would help to disentangle the contributions of environmental conditions from behavior or life-history in shaping variation in circulating glucocorticoid concentrations across species.
Conclusion
In conclusion, circulating glucocorticoid concentrations represent an important potential mechanism for coping with environmental change. In order to predict how species will respond to novel conditions via glucocorticoid-mediated responses, we need to understand how variation in these hormones arise across individuals, populations, and species (Fig. 1) . Understanding how natural selection in a population will contribute to shaping patterns of circulating glucocorticoid variation among populations and species will require that evolutionary endocrinologists replicate microevolutionary studies across contexts and taxa. Importantly, exploring the components of the HPA-axis where selection may act most strongly would represent an important step in determining how variation in glucocorticoid-mediated coping mechanisms is shaped in free-living vertebrates. Phenotypic plasticity in circulating concentrations of glucocorticoids and the HPA-axis likely play an integral role in determining how individuals, populations, and species will adjust to novel conditions, though future research is required to understand patterns and consequences of plasticity in glucocorticoids across these scales.
